The semicircular canals (SCs) of the inner ear detect angular acceleration and are located in the bony labyrinth of the petrosal bone. Based on highresolution computed tomography, we created a size-independent database of the bony labyrinth of 50 mammalian species especially rodents of the squirrel-related clade comprising taxa with fossorial, arboreal and gliding adaptations. Our sampling also includes gliding marsupials, actively flying bats, the arboreal tree shrew and subterranean species. The morphometric anatomy of the SCs was correlated to the locomotion mode. Even if the phylogenetic signal cannot entirely be excluded, the main significance for functional morphological studies has been found in the diameter of the SCs, whereas the radius of curvature is of minor interest. Additionally, we found clear differences in the bias angle of the canals between subterranean and gliding taxa, but also between sciurids and glirids. The sensitivity of the inner ear correlates with the locomotion mode, with a higher sensitivity of the SCs in fossorial species than in flying taxa. We conclude that the inner ear of flying and gliding mammals is less sensitive due to the large information flow into this sense organ during locomotion.
Introduction
In 1873, Hyrtl [1, p. 228 ] denied that any locomotory evidence could be deducted from the anatomy of the inner ear inside the bony labyrinth of the petrosal bone, which has the double function of spatial orientation in threedimensional space and detecting sound transmissions. However, with the benefits of modern non-invasive imaging techniques, such as high-resolution computed tomography (mCT), the first aspect has become a favourite topic for functional morphological analyses (e.g. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ), but also for phylogenetic approaches [14 -20] .
The membranous organs of the vestibular system are composed of the semicircular ducts, the utricle and saccule, and are enclosed by bony structures of the petrosal bone. Utricule and saccule detect linear velocity, whereas the three semicircular canals (SCs) (anterior semicircular canal, ASC; posterior semicircular canal, PSC; and lateral semicircular canal, LSC) detect angular acceleration of the head and correlate in their anatomy with the mode of locomotion and agility. Previous studies on birds and mammals revealed that small curvatures of SCs are correlated with sluggish head movements, whereas canals with large curvatures are found in highly maneuverable species [3, 4, 8, [21] [22] [23] [24] . Physical requirements, like a reasonable response speed, a high sensitivity and a low Reynolds number as a dimensionless proxy for laminar flow situations [25] in canal systems must guarantee an undisturbed laminar flow in the SCs. This is also influenced by the highly constrained shape of the inner ear with no significant intraspecific variation in the shape of the SCs [26, 27] , which stays in contrast to the vestibular system of extant sloths, where the highly variable bony labyrinth is correlated to their sluggish behaviour [8, 28, 29] .
For investigating the correlation of the inner ear with mode of locomotion and agility, previous studies have mainly focused on small taxonomic groups like extant and extinct primates and cetaceans as well as single extant species (e.g. [4, 5, 9, 30] ). Here, for the first time to our knowledge, a rodent clade is investigated in a broadly conceived study in order to detect the anatomical adaptations for the respective type of locomotion.
The squirrel-related clade is characterized by different types of locomotion [31, 32] and comprises the families Sciuridae, Aplodontidae and Gliridae [33] [34] [35] [36] . The relationship between these three families is contradictory and subject of many morphological (e.g. [37, 38] ) and molecular studies (e.g. [32, 34, 36] ).
Sciurids are morphologically diverse, which is caused by a radiation in response to habitat and geological changes, along with an increase in the number of species [39] . Besides arboreal living tree squirrels (Sciurinae) and terrestrial living groundsquirrels (Sciurinae, Xerinae), sciurids are also capable of gliding (Pteromyinae) [31, 40] , caused by a high adaption of their postcranium, e.g. the forearm musculature [41] . Extant taxa of aplodontids are represented by a single North American taxon, Aplodontia rufa, the mountain beaver; this species shows postcranial adaptations to a fossorial lifestyle [31, 42] and is in sister-group relationship to sciurids, forming the Sciuroidea [33, 43] . Extant glirids are exclusively arboreal and are distributed only in the Palaearctic and the African faunal region [31, 40] . Traditionally, glirids had been classified with the Myomorpha based on similarities in their masseter musculature [44, 45] . However, morphological [37, 38, 46, 47] and molecular studies [34, 36] indicate a sister-group relationship of sciurids and aplodontids (¼sciuroids) with glirids.
Here, we investigate the correlation between the shape of the SCs and the locomotion mode of squirrels. In order to detect a trend for the functional morphological adaptation of the inner ear of mammals and their respective locomotion modes, we also included actively flying bats and subterranean taxa into this study. Our data matrices are size independent, so that large and small animals can be functionally compared in the same analysis. The effect of the phylogeny in the squirrel-related clade is investigated with phylogenetically controlled comparative methods.
Material and methods
For a better comparability with previous studies and as data matrices for future studies focusing on extant but also extinct mammals, we were focusing on the bony labyrinth instead of the membranous system even if there are functional morphological limitations. The bony labyrinths of 41 sciurid species representing 29 genera, five genera of glirids, and A. rufa, and for comparative investigations, additional selected taxa of gliding marsupials, actively flying bats, subterranean taxa and the arboreal Tupaia sp., were investigated by mCT with the vjtomejx s scanner (GE phoenixjx-ray) at the Steinmann-Institut fü r Geologie, Mineralogie und Paläontologie, Universität Bonn, Bonn, Germany. The subterranean taxa were scanned with a SkyScan 1173 (Bruker) at the Department of Palaeontology, University of Vienna, Vienna, Austria (for detailed list of investigated taxa, see the electronic supplementary material). The identification of species is based on collection data. The allocation of the locomotion mode of the investigated species follows previous studies [31, 48] .
The bony labyrinths were visualized by using stacks of digital mCT tiff images. Owing to different states of preservation, different threshold values were reconstructed virtually by manual segmentation and unconstrained smoothing with AVIZO v. 6.1.1 software (Visualization Sciences Group). Measurements were taken directly from the virtual reconstruction with AVIZO v. 6.1. The measurements were taken as follows (for detailed list of measurements, see the electronic supplementary material).
-ASCh, PSCh, LSCh-the maximal height of each SC as the distance of the surface of the vestibulum to the inner wall of the bony canal; taken at 25, 50 and 75% of the distance between the ampulla of the canal and the crus commune (figure 1b); the height corresponds to the space between the vestibulum and the bony canal arcs. -ASCw, PSCw, LSCw-the maximal width between the inner walls of the bony tubes of the SC was measured at 25, 50 and 75% of the height of the corresponding canal in a right angle to the canals' height (figure 1b); the width corresponds to the space between the bony canal arcs. -ASCd, PSCd, LSCd-diameter of SC was taken at 25, 50 and 75% of the length of the corresponding canal (figure 1b). -ASCl, PSCl, LSCl-lengths of the SC were measured following previous studies [49] . -ASCr, PSCr, LSCr-radii of curvature of SC were calculated following previous studies [3] . -Ccl-length of the crus commune (Cc).
-anglASC/PSC, anglASC/LSC anglPSC/LSC-bias angle of best-fitting planes were computed with a set of points characterizing the deflection of the SCs (figure 1a).
The mean value calculated at the position 25, 50 and 75% of the parameter height, width and diameter of each canal, was calculated and used for analysis (figure 1b). Size independence of the investigated specimens was carried out with standardizations of the measurements with least squares linear regressions of the residuals of condylobasal length (CBL) to the respective measurements of the SCs before the calculation of the principal component analysis (PCA) [50, 51] . In order to explore the functional morphological link between the shape of the SCs and the locomotion mode, a multivariate morphospace of the bony labyrinth was created with the dataset of measurements per species with IBM SPSS STATISTICS v. 20.0. For clarifying the functional relevance of the SCs to different modes of locomotion, the sensitivity of the SCs was calculated [27] : ; R ¼ radii of curvature of SC; r ¼ diameter of SC.
The signal and effect of phylogenetic relationships is investigated with the Brownian motion model of evolution. To exclude a phylogenetical signal from the diameters of the SC, which have the highest loadings of the principal components, the phylogenetical independent contrasts, Bloomberg's K-value and Pagel's l were analysed [52] [53] [54] [55] with MESQUITE v. 3.02 [56] , RSTUDIO v. 0.98.1091 [57] , and the R-packages ape 3.2 [55, 58] , phylobase 0.6.8 [59] , grid [60] and phytools 0.4-45 [61] (for detailed list of settings and results, see the electronic supplementary material). Testing the morphological variability by investigating one specimen per species was already calculated in previous studies [8] . Testing for repeatability, all measurements (n ¼ 38) of the bony labyrinth were captured twice at one skull of Funisciurus anerythrus and were investigated with a one-way analysis of variance with measuring repetitions (one-way within-subjects ANOVA: p , 0.05).
Results
Detailed measurements of each specimen and results of the effect of phylogeny are listed in the electronic supplementary material, table S1.
(a) Shape of the semicircular canals
The shape of the bony labyrinth was investigated with PCA. The bony labyrinths in the squirrel-related are distinguishable by their shape and occupy distinct morphospaces (figure 2). The first principal component (PC1) is positively correlated with height, width and length of all three SCs, as well as the length of Cc and negatively correlated with the diameter of ASC, PSC and LSC. The second principal component (PC2) is positively correlated with the diameters and height of all three SCs, the width of PSC and LSC, the length of ASC, PSC and Cc, and negatively correlated with the width of ASC and the length of LSC. A significant morphological differentiation is indicated by MANOVA between the different locomotion types (Wilk's l-test:
The range of the morphological space of the investigated fossorial species is larger than in the other taxa. An overlapping region contains taxa of arboreal sciurids (Heliosciurus rufobrachium, Neotamias townsendii, Tamiasciurus hudsonicus, Tamiops mcclellandii, Prasadsciurus pennanti), fossorial species (Eutamias sibiricus, Eutamias sp., Euxerus erythropus) and, additionally, gliding taxa (Glaucomys volans, Pteromy volans). Additionally, an overlapping morphospace with arboreal taxa (F. anerythrus, Paraxerus cepapi, Sciurus vulgaris, Nannosciurus melanotis) and the gliding taxon Petaurista petaurista is present.
The grouping of the investigated arboreal glirids is overlapping with the morphospaces of fossorial, arboreal and gliding sciurids. The distribution of the actively flying mammals and the subterranean taxa are represented in straight lines. The morphospace of the flying taxa is overlapping the gliding and arboreal species, with Myotis myotis found in the cluster of glirids. With the representative of marsupials, Notoryctes typhlops, the investigated subterranean taxa are overlapping with the fossorial species. The investigated specimen of Tupaia sp. is found in the morphospace of the actively flying mammals.
(b) Sensitivity of the semicircular canals depending on the locomotion mode
The sensitivities of the SCs show a correlation of ASC and PSC, with the highest sensibilities among the fossorial species and the lowest in the investigated actively flying mammals, the investigated specimens of the glirids Muscardinus avellanarius and the studied bat Desmodus rotundus ( figure 3 ). Gliding, arboreal and subterranean taxa are found between these two extremes. The investigated arboreal species and the fossorial species Eux. erythropus and A. rufa are found below the regression line, whereas the fossorial and subterranean species are lying above the regression line. A correlation of the sensitivities between ASC/LSC and PSC/LSC is not present.
(c) Bias angle between semicircular canals
The intersections of the SCs are characterized with the bias angles of the respective best-fitting planes and were investigated with PCA (figure 4). PC1 is positively correlated with all bias angles between ASC/PSC, PSC/LSC and ASC/LSC. PC2 is positively correlated with the bias angle of ASC/PSC and ASC/LSC, and negatively correlated with PSC/LSC. The investigated subterranean taxa represent a separate cluster, whereas the other investigated locomotion modes are overlapping (figure 4). Except for the sciurids Na. melanotis and Pteromys volans, the glirids Mu. avellanarius, Graphiurus parvus and Glis glis, as well as Tupaia sp., all investigated arboreal and gliding taxa are found in the morphospace of the fossorial taxa. The glirid Dryomys nitedula intermedius lies in the morphospace of sciurids. Tupaia sp. is found in the morphospace of the actively flying mammals.
Discussion
Our analyses show differences in morphometry and sensitivity of the inner ear in the investigated species of the squirrel-related Fossorial squirrels can be distinguished from arboreal and gliding taxa by the height and diameter of the SCs, the width of the PSC and the LSC, the length of PSC and the length of the Cc. This functional differentiation in the squirrel-related clade is mainly caused by PC2, which has the highest loading on the diameters of the SCs. It can be assumed that the diameter of the SCs is the main factor for adaptive differentiation by investigating the vestibular system. To investigate the phylogenetic signal of this factor, the phylogenetic-independent contrast, Bloombergs' K-value and Pagel's l were calculated. The phylogenetic signal in the diameter of the canals cannot be entirely excluded, but between closely related species they resemble each other less than expected under the Brownian motion model. Nevertheless, the adaptive differentiation in the diameter of the SCs is in contrast to previous studies. Either the correlation of radii of curvature to streamline length of each SC [6] , or the correlation of radii of curvature to the respective body mass or body size of the investigated mammals were used to detect locomotory adaptations [2] [3] [4] 62, 63] . But rodents are characterized by seasonal changes of weight [64, 65] , so using the body mass for functional morphological correlations as done in previous studies is not compatible. Therefore, we used the CBL for previous standardization and calculation of the residuals before the statistical analyses. In the PCAs, we found overlaps of the different morphospaces. The investigated specimens of Eux. erythropus are not found next to each other, as is seen in the investigated specimens of Cynomys ludovicianus. The former is living in open woodland, but it can also occur in a wide range of biotopes [66, 67] , which may cause a high variability of the vestibular system.
The potential locomotory distinction between arboreal and fossorial sciurids is not just observed in the structure of the SCs. It was also found morphologically in the shape of the tail [68, 69] , the length of the limbs relative to the vertebral column [70] , the social behaviour [71] and the size of the brain [72, 73] . The latter suggests a high degree of specialized brain regions, which might correlate with arboreality but also with sociality [74] . Studying the ecological value of the teeth in sciurids is contradictory and does not represent the same ecological indicator as the inner ear. Ecological differences between frugivorous tree squirrels and herbivorous ground squirrels were found by investigating the microwear of teeth [75] . But also a similar generalized dental morphology in sciurids caused by a diet that varies independently from terrestrial, arboreal and gliding habits was postulated [76] . Overall, the anatomy of the inner ear can be used for ecological distinction and respective locomotion modes of sciurids, whereas using the morphology of teeth cannot distinguish between different ecological types of squirrels.
(b) Different sensitivities in the semicircular canals in relation to the locomotion mode
The sensitivities between ASC and PSC are correlated in relation to the locomotion mode in the squirrel-related clade. The highest sensibility is found in the fossorial species and the lowest in the investigated active mammals and glirids, but also in individual sciurids. In the analyses of the inner ear sensitivity, the size of the investigated specimens is not excluded, so the sensitivity of the SCs is not dependent on the size of the specimens [77] . The sensitivity of the inner ear in fossorial sciurids is graduated and higher than in arboreal and gliding squirrels as well as in bats. Previous studies proposed size-dependent differences of the mean radius of the three SCs respective to the body mass as a proxy for the sensitivity of the vestibular system [4, 9, 21, 24, 62] . However, these results were contradictory. Larger radius of curvature, higher sensitivity of the SCs and slower movements of the head were found in large animals. But once body size is eliminated, a larger radius of canals is found in fastermoving investigated primates than in slower-moving species [3, 5, 78, 79] . The overall results of these studies indicate differences in the sensitivity of the vestibular system based on the radius of the curvature. However, the results of the distinction of the sensitivity in the squirrel-related clade are caused by the diameter of the SC. Using the equation of sensitivity [27] , the diameter of the SC is squared and represents the main component of this formula. However, this has to be validated in further studies and additional analyses [7] . Nevertheless, it can be assumed that preventing an overstimulation of the sense organ in gliding and actively flying mammals is caused by lesser sensitivity of the vestibular system [24, 77] . During locomotion, visual signals and information of motion of the three-dimensional space have to be integrated by the brain [80] [81] [82] [83] . Therefore, the nervous system of gliding sciurids and actively flying mammals is flooded with information of the inner ear and the changes of the retinal images during locomotion. To prevent an overstimulation during locomotion, the vestibular system of gliding and flying taxa is less sensitive than in fossorial taxa [3] . Furthermore, this result is supported by differences of the sensitivity in the inner ear of P. petaurista and G. volans. Our results suggest that the inner ear of the red giant flying squirrel, P. petaurista, is less sensitive than the inner ear of the southern flying squirrel, G. volans. Caused by the aerodynamic separation, the gliding distance of these two taxa is different. In contrast to smaller flying squirrels, the gliding distance of larger specimens of the flying sciurids is longer and the respective velocity is much faster to maximize their gliding ratio [84] . Additionally, small gliding squirrels require precise manoeuvrability otherwise the gliding phase is affected by air turbulence. Comparing the trend of enlargement of diameter of the SCs of the fossorial to the subterranean taxa and the respective increase of sensitivity, it can be assumed that the vestibular system of subterranean taxa is much more sensitive than in fossorial ones [85] .
(c) Different bias angle of semicircular canals in relation to locomotion mode and phylogeny
By investigating the bias angle of the SCs, we detect anatomical differences between taxa with different locomotion modes. Subterranean mammals can be clearly separated from fossorial, arboreal and flying mammals. Arboreal sciurids are completely found in the morphospace of fossorial species but can be clearly separated from arboreal glirids. This distinction between sciurids and glirids and the highly overlapping morphospaces of all investigated sciurids, indicate a phylogenetic signal in the bias angle of the SCs, which is also seen in middle ear characteristics [86, 87] .
In conclusion, our study demonstrates that inner ear morphology is influenced by the locomotory adaptation and finally refutes Hyrtl 
